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Driven Kerr nonlinear optical resonators can sustain localized structures known as dissipative
Kerr cavity solitons, which have recently attracted significant attention as the temporal counter-
parts of microresonator optical frequency combs. Whilst conventional wisdom asserts that bright
cavity solitons can only exist in the region of anomalous dispersion, recent theoretical studies have
predicted that higher-order dispersion can fundamentally alter the situation, enabling bright local-
ized structures even under conditions of normal dispersion driving. Here we demonstrate a flexible
optical fibre ring resonator platform that offers unprecedented control over dispersion conditions,
and we report on the first experimental observations of bright localized structures that are funda-
mentally enabled by higher-order dispersion. In broad agreement with past theoretical predictions,
we find that several distinct bright structures can co-exist for the same parameters, and we observe
experimental evidence of their collapsed snaking bifurcation structure. In addition to enabling di-
rect experimental verifications of a number of theoretical predictions, we show that the ability to
judiciously control the dispersion conditions offers a novel route for ultrashort pulse generation: the
bright structures observed in our work correspond to pulses of light as short as 220 fs – the record
for a passive all-fibre ring resonator. We envisage that our work will stimulate further fundamen-
tal studies on the impact of higher-order dispersion on Kerr cavity dynamics, as well as guide the
development of novel ultrashort pulse sources and dispersion-engineered microresonator frequency
combs.
INTRODUCTION
In 1983, McLaughlin, Moloney, and Newell predicted the
existence of transverse localized structures in a passive,
coherently-driven nonlinear optical cavity [1]. The sub-
sequent two decades saw the dynamics and characteris-
tics of such structures – today known as spatial cavity
solitons (CSs) – extensively investigated, motivated by
fundamental interest and application prospects alike [2–
5]. These studies arguably culminated in the pioneering
experiments of Barland et al., who in 2002 showed that a
semiconductor microcavity could sustain CSs in the form
of transversely self-localized (non-diffracting) beams that
could be turned on and off at will [6].
In 1993, Wabnitz used the analogy between spa-
tial diffraction and temporal dispersion to predict the
existence of temporal analogs of spatial CSs in pas-
sive, coherently-driven Kerr nonlinear ring resonators [7].
Such temporal structures correspond to “bright” pulses
of light that sit atop a low-intensity continuous wave
background, and that can circulate around the resonator
indefinitely, without changing their shape or energy.
They attracted scant attention until 2010, when they
were first experimentally observed by Leo et al. in a
macroscopic fibre ring resonator [8]. In homage to the ex-
tensive and pioneering studies performed in the context
of spatially diffractive resonators, the authors coined the
term temporal CSs to describe the structures. Follow-
ing the first experimental observation of temporal CSs,
numerous studies embraced the unprecedented degree of
control afforded by fibre-based systems to explore funda-
mental CS physics: experimental evidence of oscillatory
(Hopf) instabilities [9], emission of dispersive waves [10],
control with phase gradients [11, 12], coexistence of dis-
tinct CS states [13, 14], and a number of other phenom-
ena [15–17] have been observed over the past decade.
In 2013, Herr et al. reported on the experimen-
tal observation of temporal CSs in a monolithic Kerr
microresonator – a microscopic analogue of a macro-
scopic fibre ring resonator [18]. It is in such microres-
onators that the full application potential of (tempo-
ral) CSs has finally been unleashed – more than three
decades after studies on localized structures in pas-
sive cavities first emerged [1]. Specifically, microres-
onator CSs (also known as dissipative Kerr solitons)
correspond to coherent and (potentially) broadband op-
tical frequency combs [19–25], whose utility has now
been demonstrated in a host of applications, includ-
ing telecommunications [26], optical distance measure-
ments [27, 28], spectroscopy [29, 30], and optical fre-
quency synthesis [31]. Moreover, the unique character-
istics of microresonators (e.g. strong thermal nonlinear-
ity [32] and complex mode interactions [33]) has been
shown to engender rich new physics, such as the emer-
gence of periodic soliton crystals [34, 35], soliton switch-
ing [36], and single-mode dispersive waves [37].
It is commonly held that “bright” CSs – intensity peaks
atop a low-level background – only manifest themselves
under conditions of a self-focusing nonlinearity, which for
common resonator configurations (with a positive Kerr
nonlinearity coefficient) implies anomalous group veloc-
ity dispersion. In stark contrast, the normal dispersion
regime can permit “dark” solitons – intensity dips on
a high-level background – which were first observed in a
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2Kerr resonator by Xue et al. in 2015 [38]. Such dark soli-
tons have been explained to arise through a fundamen-
tally different mechanism than their counterparts in the
anomalous dispersion regime [39]. Specifically, whereas
the latter can be understood as a single cycle of an
underlying Turing (or modulation instability, MI) pat-
tern, the former arise via the interlocking of switching
waves (or fronts): nonlinear structures that connect the
two homogeneous states of the bistable cavity system.
This fundamental difference gives dark solitons particu-
lar advantages, such as enhanced spectral conversion ef-
ficiency [40], which has recently been leveraged for high-
order coherent communications [41, 42].
Whilst bright CSs are not, under typical conditions,
to be expected in the normal dispersion regime, studies
have shown that higher-order perturbations can funda-
mentally alter the situation. For example, interactions
between different transverse mode families can permit
bright localized structures with flat-top profiles (“plati-
cons”) [43–46], while frequency-dependent cavity losses
can similarly give rise to a variety of bright soliton struc-
tures in the normal dispersion regime [47, 48]. Of partic-
ular significance is the recent theoretical prediction made
by Parra-Rivas et. al. that even the simplest of perturba-
tions – third-order dispersion (TOD) – is sufficient to al-
low bright structures in Kerr cavities with normal disper-
sion [49]. Like dark solitons, such TOD-enabled bright
CSs are predicted to arise via interlocking of switching
waves, and for a given system parameters, several of them
can co-exist, arranged in a bifurcation structure referred
to as collapsed snaking.
To the best of our knowledge, no experimental observa-
tions of TOD-enabled CSs have yet been reported. This
is arguably because existing experimental configurations
are not suitable for systematic studies of TOD effects in
isolation. Microresonator devices are hindered by ther-
mal nonlinearities [32] and mode interactions [33], whilst
fiber ring resonator systems typically operate under con-
ditions where TOD is negligible [8, 9, 13–17]. A handful
of studies have used dispersion-managed fibre resonators
to enhance the impact of TOD [10, 50–52], but in this
case the dispersion-management itself constitutes a sig-
nificant perturbation that can obfuscate the cavity dy-
namics [53].
In this Article, we report on a flexible experimental
platform that permits systematic studies of Kerr cavity
dynamics in the presence of higher-order dispersion. Our
system comprises of a homogeneous (i.e., non-dispersion-
managed) ring resonator made entirely out of dispersion
shifted fibre with a zero-dispersion wavelength (ZDW) at
1565 nm; by driving the resonator with a widely-tunable
external cavity diode laser, we are able to controllably
explore dynamics around the ZDW, and hence control
the impact of higher-order dispersion. We observe clear
evidence of bright CSs that are fundamentally enabled
by TOD, and we identify experimental signatures of their
collapsed snaking bifurcation structure. Our experiments
also reveal that the range of existence of the conven-
tional CSs that manifest themselves in the anomalous
dispersion regime can extend into the normal dispersion
regime [54], and we discuss the relationship between the
localized structures appearing in the different dispersion
regimes. The ability to examine CS characteristics across
the ZDW has also allowed us to observe – for the first
time to the best of our knowledge – the emission of spec-
trally symmetric dispersive waves as predicted in earlier
theoretical works [54]. Taken together, our experiments
confirm a string of past theoretical predictions, and they
unveil a rich range of novel dynamics in Kerr resonators
operating close to the ZDW. From an applied perspec-
tive, the prospect of systematically generating localized
structures in the normal dispersion regime (and arbi-
trarily close to the ZDW) could pave the way for novel
sources of ultrashort pulses and broadband optical fre-
quency combs. In this context, with durations as short
as 220 fs, the bright structures observed in our experi-
ments correspond – to the best of our knowledge – to the
shortest CSs generated in a passive fibre ring resonator.
RESULTS
Experimental setup
Figure 1 shows a schematic illustration of our experimen-
tal platform [see also Methods]. At the heart of it lies a
passive fibre ring resonator made of a 26 m long segment
of dispersion shifted fibre (DSF). The resonator incor-
porates two couplers made out of the same DSF as the
main cavity: a first coupler with 95/5 coupling ratio is
used to inject the driving field into the cavity, whilst a
second coupler with 99/1 coupling ratio is used to ex-
tract a small portion (1%) of the intracavity field for
analysis. The cavity has a free-spectral range (FSR) of
8.1 MHz and a measured finesse of F = 45, correspond-
ing to 180 kHz resonance linewidth.
We drive the resonator with flat-top nanosecond pulses
carved from an external cavity diode laser (ECDL) whose
wavelength can be continuously tuned from 1510 nm to
1630 nm (Toptica CTL). An Erbium-doped fibre ampli-
fier is used to amplify the driving field, thus allowing
for the peak power of the nanosecond pulses to be ad-
justed over a wide range. An external clock signal gen-
erated by an RF signal generator is used to carefully ad-
just the repetition rate of the nanosecond pulse train to
match the round trip time of the solitons in the resonator;
a computer-automated measurement & feedback scheme
[see green shaded area in Fig. 1] continuously monitors
and corrects the clock signal so as to maintain the soli-
tons close to the centre of the driving pulse. In this con-
text, we must emphasize that the nanosecond duration
of our driving pulses is considerably longer than the sub-
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Figure 1. Schematic illustration of the experimental setup. A passive fibre ring resonator made out of a 26-m-long segment
of dispersion-shifted fibre [orange shaded region] is driven with nanosecond pulses carved from an external-cavity diode laser
(ECDL). The pump repetition rate is actively locked to the intracavity soliton repetition rate by a computer-based measurement
& feedback system [green shaded region]. The detuning between the ECDL frequency and a linear cavity resonance is actively
stabilized using the Pound-Drever-Hall (PDH) technique [magenta shaded region]; a digital laser locking module (Toptica
Digilock) simultaneously provides the PDH modulation signal, demodulates the photodetector signal measured at the cavity
output, and acts as the proportional-integral-derivative controller for the driving laser. AM, amplitude modulator; PPG, pulse-
pattern generator; EDFA, Erbium-doped fibre amplifier; BPF, band-pass filter; circ., circulator; PC, polarization controller;
AOM, acousto-optic modulator; PM, phase modulator; OSA, optical spectrum analyzer; osc., oscilloscope.
picosecond durations of the solitons under study. As a
consequence, the solitons experience the driving field ef-
fectively as continuous wave.
To stabilize the linear phase detuning
δ0 = 2pi(f0 − fP)/FSR between the driving laser
(with carrier frequency fP) and a cavity resonance
(with frequency f0), we launch a low-power cw beam
derived from the ECDL into the cavity such that it
counter-propagates with respect to the main pump, and
use the Pound-Drever-Hall (PDH) technique to lock the
laser frequency to the peak of the probe’s Lorentzian
resonance [magenta shaded region in Fig. 1]. By using
an acousto-optic modulator (AOM) to frequency shift
the probe beam before its injection into the cavity,
we are able to continuously tune the linear detuning
experienced by the main pump [53].
Because dispersion plays a central role in our study,
we have carefully characterised the dispersive proper-
ties of our cavity. This was achieved by measuring,
for a wide range of pump wavelengths, the frequency
shifts of spectral sidebands generated via phase-matched
four-wave mixing with the detuning stabilised at zero
(see Supplementary Information). By fitting a theo-
retically predicted phase-matching curve on the exper-
imentally measured tuning curve, we find that the cavity
has a ZDW of 1565.4 nm and third- and fourth-order
dispersion coefficients of β3,ZDW = 0.135 ps
3/km and
β4,ZDW = −9× 10−4 ps4/km at the ZDW, respectively.
In our experiments, we set the pump wavelength close to
the ZDW, thus enhancing the impact of TOD [see Meth-
ods]. This should be contrasted with an earlier study by
Bessin et al., who used a uniform resonator made out of
DSF to study the dynamics of modulation instability in
the normal dispersion regime [55]; no signatures of bright
CSs were reported since the resonator was driven far from
the ZDW where third-order dispersion is negligible.
Our experimental platform incorporates a number of
advances compared to earlier studies on CSs, each cru-
cial to obtaining the results presented in the following
sections. First, the use of a homogeneous cavity with no
dispersion management ensures that effects observed are
representative of pure Kerr cavity physics. Second, the
use of a widely-tunable ECDL allows us to systematically
explore the cavity dynamics in the vicinity of the ZDW,
providing control over the sign of the group-velocity dis-
persion as well as the relative magnitude of higher-order
dispersion. Third, in contrast to active stabilization
schemes used in prior studies, our PDH-based technique
permits the cavity detuning to be linearly and contin-
uously tuned over a wide range, and together with our
computer-automated measurement & feedback scheme,
allows for the robust study of detuning-dependent soli-
ton dynamics. Our experiments also suggest that the
PDH-based scheme is more efficient than the side-of-
fringe locking applied in previous studies. In fact, we
find that a simple side-of-fringe lock used e.g. in [53]
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Figure 2. Observations of different bright structures with normal dispersion driving at 1563 nm. a–d The left panels show
experimentally measured (blue solid curves) and numerically simulated (orange solid curves) optical spectra, whilst the right
panels show corresponding temporal profiles extracted from numerical simulations. Dashed vertical lines highlight the theo-
retically predicted dispersive wave wavelengths (see Methods). All results obtained for the same system parameters, including
pump peak power (6.7 W) and linear cavity detuning (δ0 = 1.05 rad).
is not sufficient to allow the pump ECDL, with a mea-
sured linewidth of 80 kHz [see Methods], to coherently
drive our cavity; in contrast, the PDH scheme allows the
detuning to be more robustly stabilized, enabling us to
observe and study coherent cavity dynamics over a wide
range of parameters.
First observations of TOD-enabled bright CSs
We first present illustrative experimental observations of
bright CSs in the normal dispersion regime. The results
described below were obtained with the pump wavelength
and power set to 1563 nm (2 nm below the ZDW) and
6.7 W (peak power of the flat-top nanosecond pulses),
respectively, yet we note that similar observations have
been obtained for a range of parameter values.
Because our fibre cavity exhibits a negative fourth-
order dispersion coefficient β4, the upper state of the
bistable cavity response is modulationally unstable even
in the normal dispersion regime [55, 56]. As a conse-
quence, it is not possible to sustain dark solitons in our
system. In stark contrast, we find that a negative β4
does not prevent or even noticeably perturb the bright
CSs that are fundamentally enabled by TOD; rather, the
MI permitted by fourth-order dispersion in fact offers a
convenient route for the solitons to be spontaneously ex-
cited simply by scanning the detuning over a cavity res-
onance. We must emphasize, however, that the soliton
existence does not require a negative β4 (or MI), nor do
the solitons correspond to localized elements of any β4-
induced MI pattern; the MI only facilitates the solitons’
spontaneous formation [see Supplementary Information].
In our experiments, we lock the detuning close to the
point where the system becomes bistable (as identified
by the collapse of the MI state to the lower homogeneous
state). We then mechanically perturb the cavity, thus
causing the detuning stabilization system to scan across
a resonance; solitons emerge spontaneously as a result.
In agreement with theoretical predictions [49], we find
that several soliton states with distinct spectral and tem-
poral profiles can coexist for the same cavity detuning.
The solid blue curves in Figs. 2(a)–(d) show the optical
spectra measured for four such states, obtained by re-
peatedly perturbing the cavity with the detuning locked
at 1.05 rad. The orange curves show corresponding re-
sults from numerical simulations of a generalized mean-
field model (see Supplementary Information for details
regarding the model) with no free-running parameters.
The experimentally measured and numerically simu-
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Figure 3. Signatures of collapsed snaking. a, 704 optical spectra measured at different detunings for a three-peak soliton,
concatenated vertically to form a single pseudo-color plot. b, Experimentally measured bifurcation curve for the different
bright structures considered in Fig. 2. c, Corresponding theoretical bifurcation curve. Numbers next to the curves correspond
to the number of peaks the different structures possess in their temporal profile.
lated spectra in Fig. 2 show very good overall agreement.
The only discernible discrepancy is the presence of Kelly-
like sidebands in the experimental measurements [53];
these are not reproduced by a mean field model of the
cavity but arise when considering a more general lumped
cavity model (not shown). Our simulations further show
that the spectra shown in Fig. 2 correspond to bright
structures with complex multi-peak profiles in the time
domain. Whilst limited detection bandwidth prohibits
us from experimentally resolving the structures’ sub-
picosecond temporal features, photodetector measure-
ments at the 1% cavity output port provide unequivo-
cal evidence that our observations correspond to bright
solitons [see Supplementary Information]. As such, these
results constitute unequivocal evidence of TOD-enabled
bright CSs under conditions of normal dispersion driving.
It is interesting to note that, whilst each of the four
spectra shown in Fig. 2 are clearly distinct, some qual-
itative similarities can also be observed. First, a strong
dispersive wave like feature at around 1540 nm is appar-
ent in each case. As highlighted by the red dashed ver-
tical lines, the position of the feature can be accurately
predicted by the well-known dispersive wave resonance
condition (see [10, 54] and Methods). Second, each of the
spectra display clear modulations that are particularly
evident on the long-wavelength side. These modulations
are linked to the solitons’ complex, multi-peak temporal
profiles, and they offer a convenient fingerprint to identify
the different states. In what follows, we will refer to the
different states in terms of the number of peaks in their
temporal profile (N), deduced experimentally from the
number of modulation minima on the long-wavelength
edge of the spectrum (N − 1).
Signatures of collapsed snaking
Theory predicts that CSs in the normal dispersion regime
are organized in a bifurcation structure known as col-
lapsed snaking (see [49] and Supplementary Informa-
tion). A defining feature of such a structure is that sev-
eral distinct solitons may coexist for identical system pa-
rameters, but the range of parameters over which they
exist is different. To systematically test this prediction,
we have performed extensive experiments so as to map
the range of existence of the different soliton states shown
in Fig. 2. Since it can be straightforwardly adjusted in
our experiments, we use the cavity detuning as a control
parameter [see Methods].
The pseudo-color plot in Fig. 3(a) shows an example
of the spectra measured for a soliton with three peaks
in its temporal profile. 704 individually recorded spectra
are shown over the entire range of the soliton’s existence,
visualising how the soliton spectrum broadens and the
dispersive wave features shift away from the pump as
the detuning increases. As the detuning is increased (de-
creased) beyond the values shown in Fig. 3(a), the in-
tracavity field switches to the cw state (fluctuating MI
state), thus causing the soliton to cease to exist.
To plot bifurcation-like diagrams, we integrate over
each spectra (excluding the pump) so as to obtain a quan-
tity proportional to the soliton energy that can be plotted
as a function of detuning. Figure 3(b) shows the resulting
curves for each of the soliton states shown in Fig. 2. As
6can be seen, the different states (i) coexist for a range of
detunings and (ii) exhibit different ranges of existence,
with the 4- and 5-peak states existing over a narrower
range than the 2- and 3-peak states. These observations
are consistent with the solitons’ hypothesised collapsed
snaking bifurcation structure [49].
To compare the experimentally observed range of soli-
ton existence with theoretical predictions, in Fig. 3(c)
we show the energies of the different soliton states as de-
rived from mean-field modelling (excluding the pump as
in our experiments, see also Supplementary Information).
The theoretical results show very good qualitative agree-
ment with our experimental observations, yet a number
of quantitative discrepancies can be observed. We note
in particular that, in our experiments, the lower bound-
ary of soliton existence is delineated by an abrupt and
spontaneous switching of the entire intracavity field to
a fluctuating MI state, which is not captured by theory.
Furthermore, in contrast to theory, our experiments sug-
gest that the lower-boundary of existence of the two-peak
soliton is significantly higher than the other solitons. A
detailed study is beyond the scope of our present work,
but we speculate that these discrepancies stem from a va-
riety of experimental imperfections (e.g. inhomogeneities
on the nanosecond driving pulses) as well as from the
inability of the theoretical model to account for Kelly-
like sidebands. Regardless, the experimental results pre-
sented in Fig. 3(b) provide clear evidence of the collapsed
snaking bifurcation structure of the bright CS structures
in the normal dispersion regime.
Single-peak CSs in the normal dispersion regime
The results presented above pertain to bright soliton
structures characterised by multiple peaks in their tem-
poral profile [see Fig. 2]. Interestingly, it is only such
multi-peak structures that were identified in the theo-
retical study of Parra-Rivas et al [49], raising the natu-
ral question whether it is possible to sustain, in a Kerr
resonator driven in the normal dispersion regime, single-
peak bright CSs reminiscent of the conventional CSs in
the anomalous dispersion regime.
The answer to the question posed above is yes. As
a matter of fact, already in 2014, Milia´n and Skryabin
discovered via numerical simulations that higher-order
dispersion can extend the range of existence of a con-
ventional CS into the regime of normal dispersion driv-
ing [54]. In our experiments, we find that such single-
peak, bright CSs can be readily excited when increasing
the driving power to about 20 W. However, once excited,
it is possible to reduce the driving power level without
destroying the soliton (provided that the detuning is si-
multaneously reduced).
Figure 4(a) shows an experimentally measured spec-
trum characteristic of a single-peak bright CS, obtained
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Figure 4. Experimental observation of a single-peak CS with
normal-dispersion driving. a, Experimentally measured (solid
blue curve) and theoretically predicted (solid orange curve)
spectra for a driving wavelength and peak power of 1563 nm
and 6.7 W, respectively. Black dashed line indicates the zero-
dispersion wavelength of 1565 nm, whilst red dashed lines
indicate the theoretically predicted dispersive wave positions,
with ∆f the corresponding frequency shift from the pump
frequency fp. Inset shows a zoom around the weak dispersive
wave at 1578 nm. b, Simulated temporal profile correspond-
ing to the theoretical spectrum shown in a. All parameters
as in Fig. 3 except for the linear cavity detuning which was
set to δ0 = 0.8 rad.
with the driving wavelength in the normal dispersion
regime at 1563 nm (2 nm below the ZDW). Superimposed
with the experimental data is the corresponding numeri-
cally simulated spectrum, whilst Fig. 4(b) shows the nu-
merically simulated temporal profile. As can be seen, the
spectral profile is highly reminiscent of a conventional CS
generated when driving close to the ZDW in the anoma-
lous dispersion regime [20, 57]. The resemblance can be
readily understood by noting that, although the pump
resides in the normal dispersion regime, the soliton itself
in fact experiences predominantly anomalous dispersion,
being centred at around 1572 nm (7 nm above the ZDW).
This is made possible by the emission of a strong short-
wavelength dispersive wave at about 1545 nm, which
causes the soliton to spectrally recoil towards the long-
wavelength anomalous dispersion regime [54, 57]. Ac-
cordingly, the dispersive wave and the soliton rather
7remarkably correspond to a single symbiotic structure,
where one cannot exist without the other. It should also
be clear how the existence of such a structure is funda-
mentally enabled by third-order dispersion, which under-
pins the phase-matched energy flow between the soliton
and the dispersive wave.
In addition to the strong short-wavelength dispersive
wave peak at about 1545 nm, both the experimentally
recorded and numerically simulated spectra show a small
but noticeable long-wavelength spectral feature at about
1580 nm [see inset of Fig. 4(a)]. This latter feature cor-
responds in fact to the symmetrically detuned (with re-
spect to the pump frequency) counterpart of the strong
dispersive wave at 1545 nm. It is a known theoretical re-
sult ([10, 54]; see also Methods) that, in cavity systems,
dispersive waves will always be generated in pairs, but
until now, experimental observations have remained elu-
sive due to the small amplitude of one the constituents
of the pair. To the best of our knowledge, the results
presented in Fig. 4(a) correspond to the first experimen-
tal observation of a dispersive wave pair as predicted by
theory.
The experimental results described above corroborate
the hypothesis that, by enabling dispersive wave emis-
sion and concomitant spectral recoil, third-order disper-
sion can extend the existence of conventional anomalous
dispersion CSs into the regime of normal dispersion driv-
ing [54]. To gain more insights, we have repeated the
experiment at various wavelengths across the ZDW, with
Fig. 5 showing an assortment of the spectra recorded. As
can be seen, the main consequence of tuning the pump
wavelength is the shifting of the short-wavelength disper-
sive wave feature, which is well-predicted by theory (red
diamonds). Whilst not readily visible in the plot, we also
remark that, as the pump wavelength increases beyond
the ZDW, the long-wavelength dispersive wave feature
discussed above [see also Fig. 4(a)] shifts to longer wave-
lengths and becomes essentially unobservable, arguably
explaining why this feature has not been observed in pre-
vious experiments. (Note that the peaks beyond 1590 nm
in Fig. 5 correspond to Kelly-like sidebands.) We must
emphasize, however, that it is the complete absence of
any qualitative change in the soliton spectrum as the
driving field tunes across the ZDW that is the main result
to be gleaned from Fig. 5. Indeed, these measurements
unequivocally demonstrate that the single-peak struc-
tures manifesting themselves under conditions of normal
and anomalous dispersion driving correspond to the very
same CS, whose range of existence spans across the ZDW.
Discussion
The fact that single-peak CSs can exist under conditions
of normal dispersion driving raises interesting questions
on the relationship between solitons in the normal and
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Figure 5. Experimental results showing how the single-peak
soliton spectrum changes as the driving wavelength is tuned
across the ZDW. The different curves show spectra mea-
sured for driving wavelengths ranging from 1563 nm (top)
to 1568 nm (bottom) in 0.5 nm intervals. The dashed black
line indicates the ZDW of 1565 nm, whilst the red diamonds
indicate the positions of the theoretically predicted (short-
wavelength) dispersive waves. All measurements use a driv-
ing pulse peak power of 15 W and a linear cavity detuning
δ0 = 1.5 rad.
anomalous dispersion regimes. Specifically, it is fasci-
nating to speculate whether the bright multi-peak struc-
tures reported in Fig. 2 (and theoretically studied in [49])
could be understood as bound states of individual single-
peak solitons that extend from the anomalous dispersion
regime. On the one hand, third-order dispersion is well-
known to permit robust CS bound states [52], and we
find that the single-peak structures are part of the same
collapsed snaking bifurcation structure as the multi-peak
structures [see Supplementary Information]. But on the
other hand, the characteristically close proximity of the
peaks as seen in Fig. 2 speaks against the presence of in-
dividual (albeit bound) structures, as does the fact that
the multi-peak structures can exist over a wider range
of parameters than their single-peak counterparts [see
Supplementary Information]. Further study is required
to fully understand where and how the different soliton
states (and their physical origins) meet.
To the best of our knowledge, the results obtained in
our work represent the first direct experimental obser-
vations of bright CSs enabled by third-order dispersion,
and they provide clear signatures of the solitons’ col-
lapsed snaking bifurcation structure. Moreover, our find-
ings demonstrate that higher-order dispersion can extend
the range of existence of conventional single-peak bright
8CSs into the regime of normal dispersion driving, as well
as give rise to symmetric dispersive wave pairs. Taken
together, our work confirms a string of theoretical pre-
dictions [49, 54] that have remained unobserved in direct
experiments until now.
Besides the verification of earlier theoretical predic-
tions, another major outcome of our work is the demon-
stration of a robust experimental platform that allows
for the systematic study of novel Kerr cavity dynamics
that manifest themselves under the influence of higher-
order dispersion. In this context, our experiments have
revealed a rich diversity of phenomena that have hitherto
not been studied neither in experiment nor theory. These
include discontinuities in the soliton existence range at
high pump powers, as well as persisting coexistence of
incoherent modulation instability and coherent soliton
states. Future works will be dedicated for the compre-
hensive study of such dynamics.
Before closing, we note that the solitons whose spectra
are shown in Fig. 5 are modelled to have a temporal du-
ration as short as 220 fs (full-width at half-maximum),
which is the shortest duration ever achieved for CSs in a
passive fibre ring resonator. We envisage that the dura-
tion can be further reduced through judicious optimisa-
tion of the cavity length and losses. When combined with
demonstrated techniques to manipulate CSs in macro-
scopic fibre ring resonators [11, 12], our work could pave
the way for a novel source of ultrashort pulses with widely
tunable repetition rate that can be easily locked to an ex-
ternal RF reference. Finally, by showing that bright CSs
can exist (and be spontaneously excited) under condi-
tions of normal dispersion driving, our work may pro-
vide new degrees of freedom for the design of dispersion-
engineered microresonator frequency combs.
METHODS
Additional resonator characteristics. The fibre ring
resonator used in our experiments is made entirely of
dispersion-shifted fibre with measured zero-dispersion wave-
length of 1565 nm [see Supplementary Information for details
regarding dispersion measurement]. The resonator incorpo-
rates two couplers that are custom-made from the same DSF
as the rest of the cavity so as to minimise dispersion fluctua-
tions. We estimate the resonator to have a Kerr nonlinearity
coefficient of γ = 1.5 W−1km−1. To measure the cavity fi-
nesse, we used a narrow-linewidth distributed feedback fibre
laser (NKT Adjustik) to drive the cavity, and scanned the
laser frequency over several free-spectral ranges. The finesse
can then be readily obtained from the measured cavity output
signal. Note that, because of its finite linewidth, the exter-
nal cavity diode laser (ECDL) used in our main experiments
cannot be used to reliably measure the finesse by scanning
over several free-spectral ranges. Rather, as mentioned in the
main text, the ECDL can only be used to coherently drive
the resonator when the detuning is locked using the Pound-
Drever-Hall scheme.
Measurement of laser linewidth. We measured the
linewidth of the ECDL using a homodyne detection scheme.
Here the laser beam is first divided into two parts, with
one part frequency-shifted using an acousto-optic modulator
and the other part passed through 30 km of fibre so as to
de-correlate the two paths. Superimposing the beams on a
photodetector allows the linewidth to be estimated from the
recorded beat signal. We find that, when not actively locked
to the fibre ring resonator, the ECDL has a free-running
linewidth of about 80 kHz. In contrast, when the laser is
locked to the resonator using the PDH scheme, the linewidth
reduces to about 60 kHz, which is close to the detection limit
with a 30 km delay stage. Moreover, we must note that the
measurement is of the absolute linewidth and therefore in-
cludes contributions from the fluctuations of the cavity reso-
nances. The fact that we are able to observe coherent cavity
dynamics over a wide range of parameters demonstrates that
the linear detuning is well stabilized, and the laser linewidth
sufficiently narrowed with respect to the cavity resonance.
Dispersion coefficients. As mentioned in our main
text, we measured the resonator to have a zero-dispersion
wavelength of λZDW = 1565.4 nm and third- and fourth-
order dispersion coefficients of β3,ZDW = 0.135 ps
3/km and
β4,ZDW = −9× 10−4 ps4/km at the ZDW, respectively [see
also Supplementary Information]. These coefficients readily
allow us to evaluate the dispersion coefficients at all other
wavelengths λ using the following relations:
β2 = β3,ZDWΩ +
β4,ZDW
2
Ω2,
β3 = β3,ZDW + β4,ZDWΩ,
β4 = β4,ZDW,
where Ω = 2pic
[
λ−1 − λ−1ZDW
]
with c the speed of light in
vacuum.
The relative strength of third-order dispersion, which un-
derpins the bright solitons studied in our work, can be esti-
mated using the dimensionless quantity [10, 49]:
d3 =
√
2pi
LF
(
β3
(3|β2|)3/2
)
, (1)
where L and F are the resonator length and finesse, respec-
tively. By allowing us to operate arbitrarily close to the ZDW,
and hence control the value of |β2|, our platform gives access
to a wide range of d3 coefficients. When driving at 1563 nm
[see Figs. 2–4], we estimate d3 ≈ 0.9; when scanning the pump
wavelength across the ZDW to obtain data shown in Fig. 5,
we estimate d3 to vary from 0.7 to 67.
Measurement of bifurcation curves. To experimen-
tally measure how the bright solitons change as a function
of the detuning, we first lock the cavity detuning at an ap-
propriate value, and perturb the cavity until a given soliton
is excited. A computer-automated algorithm then adiabat-
ically increases the detuning by changing the frequency ap-
plied on the acousto-optic modulator in small discrete incre-
ments, recording the soliton spectrum at each step. Once the
upper limit of the soliton existence is deduced in this man-
ner, we repeat the procedure but now incrementally reducing
the detuning until the lower limit of existence is identified.
9We must emphasize that the detuning is kept actively stabi-
lized through the entire measurement. These discrete detun-
ing scans are repeated several times for each soliton so as to
ensure that their full range of existence is captured.
Theoretical model. The theoretical results presented in
our manuscript were obtained using the well-known general-
ized mean-field equation of Kerr cavities [57–59]. For com-
pleteness, our model includes dispersion up to fourth order
as well as stimulated Raman scattering [see Supplementary
Information for full details], yet we note that a simpler model
that limits dispersion to third order and ignores Raman effects
is sufficient to describe the principal physics of the bright soli-
tons studied in our work. We find the steady-state solutions
of our theoretical model using a multidimensional Newton-
Raphson root-finding algorithm, and apply numerical contin-
uation to study the solutions’ bifurcations. All the theoretical
results shown use the corresponding experimental parameters.
Dispersive wave positions. The spectral positions of
dispersive waves emitted by Kerr cavity solitons (CSs) can
be found from the roots of the following characteristic equa-
tion [10, 54]:
− piF + i
β3L
3!
Q3 − iV Q
± i
√(
2γLP0 − δ0 + β2L
2!
Q2 +
β4L
4!
Q4
)2
− (γLP0)2 = 0.
(2)
Here V represents the group-delay accumulated by the CSs
with respect to the driving field over one round trip, P0 is the
power level of the (quasi) continuous wave background on top
of which the solitons sit, δ0 is the phase detuning, and Q is a
complex frequency whose real part yields the dispersive wave
frequency shift from the pump, ∆f = Re[Q]/(2pi).
The two signs in front of the square root in Eq. (2) signal
that, in a cavity geometry, dispersive waves come in pairs. It
is straightforward to show that, if Q1 is a solution for one of
the signs, then the solution for the second sign is given by
Q2 = −Q∗1. This implies that the corresponding frequency
shifts ∆f1 = −∆f2, thus demonstrating that the two dis-
persive waves are symmetrically detuned with respect to the
pump.
For parameters pertinent to our study, the second term
inside the square root of Eq. (2) is small. Focussing on the +
sign in front to of the square root, we may approximate the
equation as a polynomial in Q [10]:
β4L
4!
Q4+
β3L
3!
Q3+
β2L
2!
Q2−V Q+
[
(2γLP0 − δ0) + i piF
]
= 0.
(3)
All the theoretically predicted dispersive wave frequency
shifts shown in our work were obtained by finding the roots of
this polynomial, with the background power level P0 obtained
from the usual cubic polynomial characteristic of dispersive
bistability, and the CS group-delay V extracted from numer-
ical simulations that use experimental parameters.
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Supplementary information – Experimental observations of bright dissipative Kerr
cavity solitons and their collapsed snaking in a driven resonator with normal
dispersion
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This article contains supplementary information to the manuscript entitled “Experimental obser-
vations of bright dissipative Kerr cavity solitons and their collapsed snaking in a driven resonator
with normal dispersion”. We present the theoretical model used to obtain the simulation results pre-
sented in the main manuscript, and provide additional theoretical and experimental details pertinent
to our study.
THEORETICAL MODEL
The dynamics of dispersive, Kerr nonlinear ring res-
onators can be described in the high-finesse limit by a
mean-field equation that describes the evolution of the
slowly-varying electric field envelope inside the resonator
over consecutive round trips [1]. The numerical simula-
tions presented in our work were obtained from the fol-
lowing generalized mean-field equation that takes into ac-
count high-order dispersion and stimulated Raman scat-
tering [2–5]:
tR
∂E(t, τ)
∂t
=
−α− iδ0 + iL∑
k≥2
βk
k!
(
i
∂
∂τ
)kE +√θEin
+ iγL
[
(1− fR)|E|2 + fRhR(τ) ∗ |E|2
]
E.
(S1)
Here, t is a slow time variable that describes the evolu-
tion of the intracavity field envelope E(t, τ) [with units of
W1/2] over consecutive round trips, τ is a corresponding
fast time variable that describes the envelope’s temporal
profile, tR is the cavity round trip time, α corresponds to
half the total power lost per round trip, δ0 is the phase
detuning of the driving field Ein from the closest cavity
resonance, L is the cavity round trip length, βk and γ
are the dispersion and Kerr nonlinearity coefficients at
the pump frequency, respectively, and θ is the coupling
power transmission coefficient. Finally, hR(τ) is the time-
domain response function that characterizes the Raman
nonlinearity of the resonator [6], with fR the correspond-
ing Raman fraction.
The simulations presented in our main manuscript as-
sume a Raman fraction of fR = 0.18 and a Raman
response function hR(τ) obtained from the well-known
multiple-vibrational-mode model [7]. Dispersion is in-
cluded to fourth-order, with β3,ZDW = 0.135 ps
3/km
and β4,ZDW = −9× 10−4 ps4/km at the zero-dispersion
wavelength of λZDW = 1565.4 nm corresponding to
experimentally measured values (see discussion be-
low). The nonlinearity coefficient we estimate to be
∗ m.erkintalo@auckland.ac.nz
γ = 1.5 W−1km−1, the resonator length L = 26 m, input
coupling coefficient θ = 0.05 and cavity losses α = 0.07
(corresponding to the experimentally measured finesse of
45). Our experiments consider different values of cavity
detunings δ0 and pump power Pin = |Ein|2; these are
quoted in our main manuscript and used in the corre-
sponding simulations.
Before proceeding, we must emphasize that our nu-
merical model includes fourth-order dispersion and stim-
ulated Raman scattering solely for the sake of complete-
ness. The existence of the bright solitons studied in our
work, as well as their salient characteristics, can be well
described even without the inclusion of these effects. As
discussed below, the main impact of fourth-order disper-
sion is to facilitate the excitation of bright structures.
The main impact of Raman scattering appears to be the
extension of the range of soliton existence; detailed in-
vestigation of this phenomenon is left for future work.
ILLUSTRATIVE SIMULATION RESULTS AND
COLLAPSED SNAKING
As described in detail in ref. [8], both dark and bright lo-
calized structures in resonators with normal dispersion
can be explained as interlocked switching waves (also
called fronts or domain walls) that connect the lower and
upper homogeneous states of the bistable cavity system.
These localized structures are arranged in a bifurcation
structure referred to as collapsed snaking, which is char-
acterized by the partial coexistence of several structures
with distinct widths. Here we present illustrative results
pertaining to solitons and their collapsed snaking under
conditions of normal dispersion driving (β2 > 0) and in
the presence of third-order dispersion (β3 6= 0). For the
sake of simplicity, we ignore fourth-order dispersion and
stimulated Raman scattering (β4 = fR = 0)
In Figs. S1(a) and (b), we show a typical collapsed
snaking bifurcation structure, obtained by finding the
localized steady-state solutions of Eq. (S1) under con-
ditions of normal dispersion driving (see figure caption
for parameters) using a Newton-Raphson continuation
algorithm. Here we plot the integrated energy of the in-
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FIG. S1. Numerically simulated collapsed snaking bifurcation structure. (a) and (b) show the bifurcation curves of dark
and bright solitons under conditions of normal dispersion driving, respectively. Blue solid (dashed orange) curves correspond
to stable (unstable) localized structures, whilst the green solid curves correspond to the upper and lower cw solutions of
the system. (c) and (d) show examples of temporal profiles corresponding to dark and bright solitons, respectively. The
simulation parameters are similar (albeit not identical) to the values used in our experiments: L = 26 m, F = 45, θ = 0.05,
β2 = 0.5 ps
2/km, β3 = 0.2 ps
3/km, γ = 1.5 W−1km−1, θ = 0.05, Pin = 2.9 W. The calculations ignore fourth-order dispersion
and stimulated Raman scattering.
tracavity field as a function of the cavity detuning, with
solid blue (dashed orange) curves corresponding to sta-
ble (unstable) solutions. Also shown as green solid curves
are the energy levels corresponding to the homogeneous
continuous wave (cw) steady-state solutions of the sys-
tem, which map out an S-shaped profile characteristic of
bistability.
As can be seen in Figs. S1(a) and (b), the bifurcation
curve is composed of layers that fold on top of each other
and that overlap over a finite range of detunings. Each
layer corresponds to a localized structure characterized
by a certain number of dips [for dark solitons (a)] or
peaks [for bright solitons, (b)] in its temporal profile;
Figs. S1(c) and (d) highlight that, moving vertically from
one layer to another causes the number of peaks (or dips)
to change by one. It is worth noting that, for parameters
used in Fig. S1, the single-peak bright soliton does not
exist (see also section “Bifurcation curve corresponding
to experimental parameters” below).
A salient characteristic of the collapsed snaking bifur-
cation curve is that the range of existence of bright (dark)
solitons tends to reduce as the number of peaks (dips) in
its temporal profile increases. For very large number of
peaks (or dips), the structures only exist over a narrow
range around a particular detuning δM. This corresponds
to the so-called Maxwell point: a unique point where
fronts are motionless even without interacting, thus theo-
retically allowing dark or bright structures with arbitrary
width.
IMPACT OF FOURTH-ORDER DISPERSION
As mentioned in our main manuscript, the primary im-
pact of fourth-order dispersion is that it renders the
upper-state of the bistable cw cavity response unstable
against modulation instability (MI). Ignoring SRS, the
phase-matching condition for the four-wave mixing pro-
cess that underpins MI can be written as [9]
β4Ω
4L
24
+
β2Ω
2L
2
+ 2γPL− δ0 = 0, (S2)
where Ω = ω− ωp describes an (angular) frequency shift
of a sideband at ω from the pump at ωp, P is the power
level of the cw steady-state solution of Eq. (S1), and β2
and β4 are the second- and fourth-order dispersion coef-
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FIG. S2. Numerically simulated results, showing the spontaneous excitation of bright localized structures via fourth-order
modulation instability. Pseudo-color plots in (a) and (b) respectively show the spectral and temporal evolution of the intracavity
field as the detuning is slowly increased. The temporal profiles are plotted in a reference frame that is close to the group
velocity of the bright structures. Simulation parameters: L = 26 m, F = 45, θ = 0.05, β2 = 0.133 ps2/km, β3 = 0.133 ps3/km,
β4 = −9× 10−4 ps4/km, γ = 1.5 W−1km−1, θ = 0.05, Pin = 6.7 W. The calculations ignore stimulated Raman scattering.
ficients at the pump frequency, respectively. It should be
evident that a negative fourth-order dispersion coefficient
can compensate for positive second-order dispersion at
large frequency-shifts, thus enabling phase-matching and
MI under conditions of normal dispersion driving.
Our experimental system exhibits a negative fourth-
order dispersion coefficient, and so the upper cw state
exhibits MI. As a consequence, it is not possible to sus-
tain dark solitons in our system. (Since the cw state
that surrounds them is unstable.) With regards to bright
solitons, the main impact of fourth-order dispersion is to
offer a convenient route to excite the solitons simply by
scanning the laser frequency (detuning) across a cavity
resonance. This is illustrated in Fig. S2, where we show
an example of numerically simulated dynamics as the
detuning is adiabatically scanned over a resonance, ob-
tained by integrating Eq. (S1) with the split-step Fourier
method [see figure caption for parameters]. As can be
seen, the intracavity field initially corresponds to a cw
state, but then undergoes MI at a detuning of about
δ0 ≈ −0.1 rad. As the detuning increases further be-
yond δ0 ≈ 1.15 rad, we see the spontaneous emergence
of bright localized structures characterized by different
numbers of peaks that cease to exist at different detun-
ings.
We must emphasize that, other than facilitating their
excitation, fourth-order dispersion does not significantly
affect the characteristics of the bright solitons. This is il-
lustrated in Fig. S3, where we plot spectra corresponding
to steady-state soliton solutions of Eq. (S1) both in the
presence and absence of fourth-order dispersion [other
parameters as in Fig. S2]. Two important conclusions
can be drawn: (i) the soliton indeed exists even without
fourth-order dispersion, and (ii) fourth-order dispersion
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FIG. S3. Theoretically predicted soliton spectrum in the pres-
ence (β4 = −9 × 10−4 ps2/km, orange curve) and absence
(β4 = 0, blue curve) of fourth-order dispersion. The linear
cavity detuning δ0 = 0.7 rad with all other parameters as in
Fig. S2
4does not materially impact on the soliton characteristics.
In this context, the fact that the soliton solutions exist
even in the complete absence of fourth-order dispersion
should make clear that the solitons do not correspond to
localized elements of any β4-induced MI pattern. This
fact is also evidenced by the disparity between spectra in
the MI and soliton regimes seen in Fig. S2(a). It appears
that, whilst β4 can facilitate the excitation of the normal-
dispersion solitons, the origins of the two phenomena are
dynamically distinct, one related to third-order disper-
sion (solitons) and the other related to fourth-order dis-
persion (MI).
BIFURCATION CURVE CORRESPONDING TO
EXPERIMENTAL PARAMETERS
For completeness, Fig. S4 shows the numerically com-
puted bifurcation curve of bright solitons for our experi-
mental parameters. (The curve is obtained from Eq. (S1)
with both higher-order dispersion and stimulated Ra-
man scattering included.) Theoretical results shown in
Figs. 2–4 of our main manuscript are representative of
this bifurcation curve.
It is worth noting that the bifurcation curve shown
in Fig. S4 includes the single-peak soliton that is remi-
niscent of conventional cavity solitons in the anomalous
dispersion regime. This should be contrasted with the il-
lustrative results shown in Fig. S1: the parameters used
in that case are such that single-peak solitons do not ex-
ist. Taken together, these results illustrate that (i) multi-
peak bright structures can exist even for parameters for
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FIG. S4. Theoretically predicted bifurcation curve of bright
solitons corresponding to our experimental parameters. Num-
bers correspond to the number of peaks in the solitons’ tempo-
ral profile. The curves are somewhat different to those shown
in Fig. 3 of our main manuscript as the total energy here
includes the cw pump component.
which single-peak solitons do not exist, and (ii) when
single-peak solitons do exist, they are part of the same
bifurcation curve as the multi-peak structures.
MEASUREMENT OF RESONATOR DISPERSION
To measure the dispersion of the resonator used in our ex-
periments, we record the MI sidebands at various pump
wavelengths, and fit Eq. (S2) to the experimentally ob-
served tuning curve. To facilitate the analysis of the re-
sults, the cavity detuning is stabilized at zero, and the
input power is kept as low as possible (whilst still observ-
ing MI). Thanks to these procedures, the two last terms
in Eq. (S2) can be ignored.
Figure S5(a) shows an illustrative spectrum measured
for a pump wavelength of λP = 1561 nm, which lies in
the normal dispersion regime. We observe widely de-
tuned sidebands at λu = 1467.68 and λd = 1667.26 nm.
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FIG. S5. (a) Example of an MI spectrum recorded with driv-
ing wavelength λP = 1561 nm. The entire spectrum is divided
into three panels for clarity: one for each sideband (left and
right) and one for the pump (middle). (b) Solid dots show
experimentally measured sideband wavelengths for a range
of pump wavelengths. Solid curves show theoretical fit as
explained in the text. The location of the zero-dispersion
wavelength is indicated by the dashed red line.
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FIG. S6. Typical photodetector trace measured at the 1%
output port of our cavity, providing direct evidence of a bright
localized structure.
By measuring such spectra for a range of pump wave-
lengths, we obtain the tuning graph shown by the solid
circles in Fig. S5(b). We then extract the dispersion char-
acteristics of the resonator by fitting Eq. (S2) into the
measured data. More specifically, there are three fitting
parameters: the zero-dispersion wavelength λZDW and
the third- and fourth-order dispersion coefficients β3,ZDW
and β4,ZDW at the ZDW, respectively. These parameters
define the dispersion coefficients β2 and β4 appearing in
Eq. (S2) at different pump wavelengths λP viz.
β2 = β3,ZDWΩ +
β4,ZDW
2
Ω2,
β4 = β4,ZDW,
where Ω = 2pic
[
λ−1P − λ−1ZDW
]
with c the speed of light
in vacuum.
One caveat with the method described above is that,
due to the presence of three unknowns, an accurate fit to
the equation using sideband data alone is relatively diffi-
cult, especially if the driving wavelength range is limited.
In particular, we find that multiple combinations of pa-
rameters can yield reasonably good agreement with the
experimental data. In order to reduce ambiguity, in addi-
tion to fitting Eq. S2, we also compare the experimentally
measured spectra of normal-dispersion solitons with the
spectra predicted by the theory for the dispersion coeffi-
cients that provide a reasonable fit to the phase match-
ing curve. This two-step procedure yields the following
parameters: λZDW = 1565.37 nm, β2,ZDW = 0 ps
2/km
(by definition), β3,ZDW = 0.135 ps
2/km and β4,ZDW =
−9 × 10−4 ps4/km. The solid curves in Fig. S5 show
the corresponding fit, and we see very good agreement.
We believe these dispersion parameters obtained are very
accurate, as they are capable of producing theoretical
predictions of normal-dispersion solitons that agree with
our experimental observations across a range of wave-
lengths, pump powers, linear detuning, and soliton types
(as demonstrated in the main text).
EVIDENCE OF BRIGHT STRUCTURES
All of the localized structures studied in our work cor-
respond to bright structures, i.e., pulses of light that sit
atop a low-intensity background. This fact can be ob-
served directly from the photodetector signals measured
at the 1% output port of our cavity. Figure S6 shows
a typical example of such a photodetector signal, and
indeed, we see a pulse that sits atop a background. We
must emphasize that the 80 ps response time of our detec-
tion system is far too slow to resolve the soliton’s tempo-
ral profile, yet nevertheless, the signal shown in Fig. S6
provides unequivocal evidence of the structure’s bright
(rather than dark) character.
[1] M. Haelterman, S. Trillo, and S. Wabnitz, “Dissipative
modulation instability in a nonlinear dispersive ring cav-
ity,” Opt. Commun. 91, 401 (1992).
[2] S. Coen, H. G. Randle, T. Sylvestre, and M. Erkintalo,
“Modeling of octave-spanning Kerr frequency combs us-
ing a generalized mean-field LugiatoLefever model,” Opt.
Lett. 38, 37 (2013).
[3] C. Milia´n, A. V. Gorbach, M. Taki, A. V. Yulin, and
D. V. Skryabin, “Solitons and frequency combs in silica
microring resonators: Interplay of the Raman and higher-
order dispersion effects,” Phys. Rev. A 92, 033851 (2015).
[4] Y. Wang, M. Anderson, S. Coen, S. G. Murdoch, and M.
Erkintalo, “Stimulated Raman Scattering Imposes Funda-
mental Limits to the Duration and Bandwidth of Tempo-
ral Cavity Solitons,” Phys. Rev. Lett. 120, 053902 (2018).
[5] I. Hendry, B. Garbin, S. G. Murdoch, S. Coen, and M.
Erkintalo, “Impact of de-synchronization and drift on
soliton-based Kerr frequency combs in the presence of
pulsed driving fields,” Phys. Rev. A 100, 023829 (2019).
[6] R. H. Stolen, J. P. Gordon, W. J. Tomlinson, and
H. A. Haus, “Raman response function of silica-core
fibers,” J. Opt. Soc. Am. B 6, 1159–1166 (1989).
[7] D. Hollenbeck and C. D. Cantrell, “Multiple-vibrational-
mode model for fiber-optic Raman gain spectrum and
response function,” J. Opt. Soc. Am. B 19, 2886–2892
(2002).
[8] P. Parra-Rivas, D. Gomila, and L. Gelens, “Coexistence
of stable dark- and bright-soliton Kerr combs in normal-
dispersion resonators,” Phys. Rev. A 95, 053863 (2017).
[9] N. L. B. Sayson, T. Bi, V. Ng, H. Pham, L. S. Trainor,
H. G. L. Schwefel, S. Coen, M. Erkintalo, and S. G.
Murdoch, “Octave-spanning tunable parametric oscilla-
tion in crystalline Kerr microresonators,” Nat. Photonics
13, 701–706 (2019).
